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Abstract
Mycotoxins are a significant food safety concern. Aflatoxins, trichothecenes, fumonisins, and ochratoxin A are considered the
most important mycotoxins due to their frequent occurrence in food products and their well-known toxicity. The regulation of
mycotoxin biosynthesis occurs mainly at transcriptional level, and specific regulators have been described in every biosynthetic
cluster. Secondary metabolite production, including mycotoxin synthesis, is also regulated by general regulator pathways affect-
ed by light, osmotic stress and oxidative stress, among others. This review is focused on this genetic regulation of mycotoxin
biosynthesis by specific genes and global regulators.
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Introduction
Mycotoxins are fungal secondary metabolites that often con-
taminate foodstuffs and beverages, dramatically threatening
food safety. These compounds are toxic for animals and
humans and some of them are even considered as carcinogens.
Maximum levels of certain mycotoxins in food products are
strongly regulated in different countries including the
European Union (CE 1881/2006).
The biosynthetic genes involved in secondary metabolite
production are often clustered in fungi, which facilitates coor-
dination of their transcriptional activation and regulation
(Shwab and Keller 2008). Many studies have been focused
on elucidating the genetic basis of mycotoxin biosynthesis,
and the complete gene clusters involved in the biosynthesis
of most of mycotoxins are now known. Each cluster presents
at least one specific regulatory gene encoding a protein that
binds to the promoter of biosynthetic genes and assists in
recruiting RNA polymerase II to initiate transcription
(Woloshuk and Shim 2013). However, other general regulator
pathways seem to be able to affect mycotoxin production
(Wang et al. 2016). This review is focused on the transcrip-
tional regulation of the biosynthesis of the main mycotoxins
regarding their frequent occurrence in food products and their
well-known toxicity towards both animals and humans: afla-
toxins, trichothecenes, fumonisins, and ochratoxin A.
Genetic basis of mycotoxin biosynthesis
and regulation by specific regulatory genes
Aflatoxins
Aflatoxins are currently considered the most important myco-
toxins due to their common occurrence in foodstuffs and their
highly toxic properties (Kumar et al. 2017). There are many
types of aflatoxins although the most well-known and natural-
ly occurring are B1, B2, G1, and G2 (Lizarraga-Paulín et al.
2011). The International Agency for Research on Cancer has
classified aflatoxin B1 (AFB1) as a group 1 carcinogen, and it
is considered the most potent naturally occurring carcinogen
(Gil-Serna et al. 2014). The dietary exposure to AFB1 leads to
chronic liver damage, growth suppression, malnutrition, and
affects immune function (Rushing and Selim 2019) The main
aflatoxin producers are Aspergillus flavus, A. parasiticus, and
A. nomius that usually infect cereals, oilseeds, spices and nuts
(Kumar et al. 2017).
The cluster of genes involved in aflatoxin biosynthesis has
been extensively studied both in A. flavus and A. parasiticus.
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The first cloned and described gene involved in aflatoxin bio-
synthesis encodes anO-methyltransferase and was called nor1
(Yu et al. 1993). Up to now, all the genes involved in the
biosynthetic pathway are known to be clustered within a 75-
kb region on chromosome III, 80 kb from the telomere (Yu
2012). This genomic region contains 27 genes that encode
different enzymes directly involved in some steps of the bio-
synthetic pathway, as well as two regulatory genes. The
scheme of the relative position of the genes in the cluster is
shown in Fig. 1. These genes were traditionally named after
the substrate they converted or their enzymatic functions,
which reveals to be very complex and ambiguous.
Therefore, Yu et al. (2004) proposed a consensus for gene
naming in the case of aflatoxin biosynthetic genes that used
the letter code afl followed by a letter in alphabetical order,
which represents the gene.
The aflR gene encodes a zinc-finger transcription factor that is
required for the activation of other clustered genes and is consid-
ered to be specifically involved in the regulation of aflatoxin bio-
synthesis (YuandEhrlich2011).This transcription factorbinds to
the palindromic site 5′-TCGN5CGA-3′, which has been found
within the promoter of all structural genes (Cary and Calvo
2008). The gene aflS is located adjacent to aflR, and there is no
significant similarity between its putative product and any other
proteins found in databases. The gene aflS is clearly involved in
aflatoxin regulation since deletion mutants do not produce afla-
toxins and the levels of expression of some genes of the aflatoxin
pathway are significantly reduced (Yu and Ehrlich 2011;
Bhatnagar et al. 2018). Chang (2003) suggested that aflS might
be modulating aflatoxin biosynthesis by interacting with aflR al-
though the exact role of aflS has not yet been made clear
(Bhatnagar et al. 2018).
Trichothecenes
Trichothecenes are highly toxic compounds produced by a
huge variety of fungal genera (Proctor et al. 2018).
However, the characterisation of their biosynthetic pathway
has been mainly performed in pathogenic species belonging
to the genus Fusarium, most of them included in the Fusarium
graminearum Species Complex (FGSC) and causal agents of
Fusarium Head Blight disease (Aoki et al. 2014). These my-
cotoxins are sesquiterpenoids, which are classified as either A
or B type depending on the absence or presence of a keto
group at the C-8 position of the trichothecene ring (Kimura
et al. 2007). Acute intoxication by trichothecene ingestion is
related to gastrointestinal disorders, skin irritation, and neuro-
endocrine changes (Gil-Serna et al. 2014). On the other hand,
recent studies showed that immune system is strongly modu-
lated by trichothecene exposure, and surprisingly, these my-
c o t o x i n s h a v e b o t h immuno s u p p r e s s i v e a n d
immunostimulatory effects (Wu et al. 2017).
The main producers of type A trichothecenes are Fusarium
sporotrichioides, Fusarium equiseti, Fusarium poae, Fusarium
langsethiae, and Fusarium acuminatum, which often contami-
nate maize, wheat, oat, barley and rye, among others (Gil-Serna
et al. 2014). Fusarium graminearum and F. culmorum are con-
sidered the most significant producers of type B trichothecenes
due to their common occurrence in food products (Kimura et al.
2007). Deoxynivalenol (DON) and nivalenol (NIV) are the
most toxic B trichothecenes to both animals and humans and
are commonly found in cereals such as maize, oat, barley, and
wheat (Gil-Serna et al. 2014).
Trichothecene production has been widely studied, and its
complete genetic basis has been reported. The enzymes in-
volved in trichothecene biosynthesis together with their regula-
tory elements are encoded by 15 genes distributed in three dif-
ferent loci (Merhej et al. 2011). The core TRI cluster presents 10
co-regulated genes including the first cloned one, tri5 encoding
trichodiene synthase. All clustered genes are located in the same
order and direction in F. sporotrichioides and F. graminearum
(Desjardins and Proctor 2007; Moretti et al. 2013). These ten
genes encoded 7 structural pathway genes, two regulatory
genes, and one transporter (Fig. 2) (Kimura et al. 2007).
Furthermore, two additional genomic regions present genes in-
volved in trichothecene biosynthesis in F. sporotrichioides and
F. graminearum: the two gene Tri1-Tri16 locus and the single
gene Tri101 locus (Merhej et al. 2011). Data obtained from
several genome studies revealed that these three loci are located
in different chromosomes (Moretti et al. 2013). In contrast, an
exhaustive analysis of the TRI cluster revealed the presence of
Tri1 and Tri101 in the core cluster of some members of the
F. incarnatum-F. equiseti group (Proctor et al. 2009), which
evidences the complex evolutionary history of trichothecene-
producing Fusarium species.
The expression of the genes involved in trichothecene bio-
synthesis is coordinated by the regulatory genes, Tri6 and
Tri10, located within the core TRI cluster (Merhej et al.
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Fig. 1 Scheme of the aflatoxin biosynthetic cluster in Aspergillus flavus. The arrows indicate the direction of the transcription of the genes. Grey arrows
correspond to regulatory genes whereas black and white ones are structural genes
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2011). Disruption of either of these genes drastically reduces
or eliminates the expression of the rest of the TRI genes and
therefore suppresses trichothecene production (Alexander
et al. 2009). TRI6 protein is a member of the Cys2His2 zinc-
finger family and binds to the DNAmotif TNAGGCCT that is
present in the promoter of every gene of the TRI cluster (Hohn
et al. 1999). An alternative binding region (GTGA-(6-50)-
GTGA) was proposed by Nasmith et al. (2011). Recently,
TRI6 has been reported to be not only a pathway-specific,
but also a global transcriptional regulator that can modulate
the expression of genes associated with nitrogen, carbon, and
lipid metabolisms (Nasmith et al. 2011; Lindo et al. 2018).
TRI10 structure and its role in trichothecene biosynthesis are
not completely known yet. TRI10 protein does not contain
any functional domain, and for a long time, it has been con-
sidered the master regulator of the expression of Tri6 (Tag
et al. 2001). However, Seong et al. (2009) suggests that
TRI10 only intensifies the transcriptional effect of TRI6
through TRI6 transcriptional complex assembly.
Some authors considered Tri15 as a fourth single locus
involved in trichothecene biosynthesis. The Tri15 gene en-
codes a Cys2His2 zinc-finger and seems to play a negative role
in the expression of at least one of the trichothecene genes
although its disruption does not affect trichothecene biosyn-
thesis (Alexander et al. 2004).
Fumonisins
Fumonisins are a group of long-chain amino polyalcohols, of
which fumonisin B1 occurs most frequently in cereals and is
the most toxic member of the group. It is even associated with
oesophageal cancer (Desjardins and Proctor 2007; Gil-Serna
et al. 2014). Fumonisins are able to disrupt sphingolipid me-
tabolism leading to sphinganine accumulation in cells and
tissues, mainly in the liver and kidney and the nervous system
(Stockmann-Juvala and Savolainen 2008).
Fusarium verticillioides is considered the main fumonisin
contaminationsource inmaizeworldwidealthoughmanyspecies
of the Fusarium fujikuroi species complex as well as
F. oxysporum have been reported as fumonisin producers (Aoki
et al. 2014). However, the ability to produce fumonisins is not
widespread in the isolates of these species andmultiple strains do
not even have the biosynthetic genes in their genomes (Moretti
et al. 2013). Fumonisins are structurally simple mycotoxins but
their biosynthesis requires a complex 42-kb long cluster of genes
(Fig. 3) (Desjardins and Proctor 2007). Up to now, the cluster is
supposed to contain 17 co-regulated genes including the first de-
scribed fum1, considered the key gene of this pathway, which
encodes a polyketide synthase. Its disruption produces the block-
age of fumonisin production in Fusarium species (Alexander
et al. 2009). Adjacent to fum1, a transcriptional regulator,
fum21, was described first in F. verticillioides and then in other
members of Fusarium fujikuroi species complex such as
F. proliferatum (Brown et al. 2007; Proctor et al. 2013). The pro-
tein, FUM21, presents a Zn(II)2Cys6DNA-binding domain that
suggests its involvement in transcriptional regulation, although,
to our knowledge, there are no reports describing the promoter
elements recognised to activate transcription of fumonisin bio-
synthetic genes. However, the involvement of fum21 in the regu-
lationof fumonisin synthesis is evident, since its deletionmutants
haveadrasticallymodified expressionofbiosynthetic genes such
as fum1 and fum8 (Brown et al. 2007).
Apart from these species included in the Fusarium fujikuroi
species complex, other phylogenetically distant related species
have been reported as fumonisin producers. Frisvad et al. (2007)
detected fumonisin B2 in cultures of three full genome-
sequenced strains of A. niger associated with the presence of a
putative gene cluster for fumonisins. Afterwards, some isolates
of A. welwitschiae have also been found to be able to produce
FB2 (Perrone et al. 2011; Susca et al. 2016). The composition of
the fumonisin cluster inAspergillus sectionNigri species is quite
different from that reported in Fusarium species and only pre-
sents homologues of 11 genes including the transcription factor
fum21 (Fig. 3). Aerts et al. (2018) found that 10 out 12 genes of
the fumonisin cluster were downregulated inΔfum21 knockout
deletion mutants. The A. niger fumonisin cluster lacks the
Fusarium fum2 gene, which is responsible for the final hydrox-
ylation in the formation of fumonisin B2. Therefore, these
Aspergillus species are only able to produce fumonisin B2, B4,
and B6, but not the most toxic one, fumonisin B1.
The fumonisin cluster in these Aspergillus species was ac-
quired via horizontal gene transfer from a common ancestor,
and then, the cluster is diverged by removing and/or
reshuffling the genes (Khaldi and Wolfe 2011).
Ochratoxin A
Ochratoxin A (OTA) is one of the most frequently occurring
mycotoxins in human and animal diets and chronic exposure
been associated with severe kidney damage (Heusser and
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Fig. 2 Scheme of the trichothecene biosynthetic core cluster in Fusarium grami nearum. The arrows indicate the direction of the transcription of the
genes. Grey arrows correspond to regulatory genes whereas white ones represent structural genes
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Bingle 2015). Studies focused on human pathologies associ-
ated to OTA exposition are still scarce although inhibition of
protein synthesis and oxidative stress induction in target cells
seem to be the main mechanisms involved (Gil-Serna et al.
2014). OTA contamination of foodstuffs often occurs due to
the presence of species included in Aspergillus sections Nigri
(A. carbonarius and A. niger aggregate species) and
Circumdati (A. westerdijkiae and A. steynii) or Penicillium
species such as P. nordicum and P. verrucosum (Malir et al.
2016). OTA is commonly detected in cereals and derivatives,
coffee, cacao, grapes and grape-products, spices, nuts and
liquorice, among others (Heusser and Bingle 2015).
Among the most important mycotoxins, the genetic basis
of ochratoxin A (OTA) biosynthesis is the last one to be de-
scribed and some important aspects are far from being
completely known. OTA consist of a para-chlorophenolic
moiety containing a dihydroisocoumarin group linked to L-
phenylalanine (Malir et al. 2016). There is controversy regard-
ing how OTA biosynthesis occurs although the most probable
pathway was reported by Huff and Hamilton (1979). These
authors suggest that OTA synthesis starts from acetate and
malonate and presents some intermediate compounds such
as ochratoxin ß, ochratoxin α, and ochratoxin C. These steps
would be catalysed by different enzymes including a polyke-
tide synthase (PKS), a non-ribosomal peptide synthetase
(NRPS), a cytochrome p450 monooxygenase (P450), and a
halogenase or chloroperoxidase that would include the chlo-
ride atom to ochratoxin ß and, finally, an esterase that would
catalyse the last step in the pathway. In recent years, it has
been demonstrated that the genes encoding these enzymes are
located in a cluster with the only exception being the esterase-
encoding one. The cluster of genes involved in OTA biosyn-
thesis are formed by four structural genes encoding a PKS, a
NRPS, a halogenase, and a P450 together with a bZIP tran-
scription factor which is supposed to be the specific regulator
of the expression of the structural genes both in Aspergillus
and Penicillium species (Fig. 4) (Ferrara et al. 2016; Gil-Serna
et al. 2018). Up to now, this same conserved genetic synteny
has been reported in A. westerdijkiae, A. steynii, A. niger,
A. welwitschiae, A. carbonarius, and in P. nordicum (Susca
et al. 2016; Gil-Serna et al. 2018). The palindromic bZIP-
binding motifs ATGACGTGTA or TACACGTCAT were
found upstream from all the clustered genes, even twice in
the case of halogenase, which is the most expressed in per-
missive conditions for OTA production. This fact suggests the
relationship of the clustered bZIP transcription factor in OTA
synthesis regulation (Gil-Serna et al. 2018).
Additional PKS encoding genes out of the core cluster have
been reported in some species such as A. westerdijkiae,
A. carbonarius, P. verrucosum, and P. nordicum. Their in-
volvement in OTA synthesis has been confirmed by gene
disruption, which suppressed toxin synthesis, and they might
complement the expression of the clustered PKS-encoding
gene under special conditions (Gallo et al. 2017).
General regulator pathways affecting
mycotoxin production
Light and the velvet complex
Light is a critical factor affecting mycotoxin production by
many fungal species that threaten food safety. In general, the
ability in vitro of Aspergillus and Penicillium species to pro-
duce the toxins is drastically increased under dark conditions
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Fig. 4 Scheme of the ochratoxin biosynthetic cluster in Aspergillus carbonarius. The arrows indicate the direction of the transcription of the genes. Grey
arrows correspond to regulatory genes whereas white ones represent structural genes
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whereas light has a positive effect on mycotoxin production
by Fusarium species (Fanelli et al. 2015).
The effect of light at different wavelengths on OTA pro-
duction has been reported by several groups. Fungal exposi-
tion to white light seems to consistently reduce OTA produc-
tion in major producers including P. nordicum, P. verrucosum,
A. westerdijkiae, A. carbonarius, and A. niger, although some
other wavelengths cause an increased OTA production in
A. steynii (yellow and green light) and A. carbonarius (red
light) (Schmidt-Heydt et al. 2011; Cheong et al. 2016). The
response of Fusarium species to light is different to that ob-
served in OTA-producing species, and in general, light had a
positive influence on fumonisin production by F. proliferatum
and F. fujikuroi and trichothecene production by
F. graminearum (Schmidt-Heydt et al. 2011; Fanelli et al.
2012a; Matic et al. 2013). In contrast, light has a highly var-
iable effect on fumonisin synthesis by F. verticillioides from
slight inhibition to a significant increase depending on the
strain analysed (Fanelli et al. 2012b; Matic et al. 2013).
The involvement of the velvet complex in that light re-
sponse has been reported in several cases including aflatoxin
production by A. parasiticus and A. flavus (Calvo et al. 2004;
Duran et al. 2007), OTA production by A. carbonarius
(Crespo-Sempere et al. 2013), fumonisin production by
F. verticillioides (Myung et al. 2009; Butchko et al. 2012),
and trichothecene production by F. graminearum (Merhej
et al. 2012). VeA transcription factor is transported to the
nucleus where it interacts with LaeA, a master regulator of
secondary metabolism in Aspergillus, to control secondary
metabolite production. The transport of VeA transcription fac-
tor to the nucleus is known to be inhibited by light, and there-
fore, under light conditions, VeA is mostly located in the cell
cytoplasm (Bayram et al. 2008).
Duran et al. (2007) described a blockage of aflatoxin bio-
synthesis in A. flavusΔveA mutants related to a repression in
the expression of the specific transcription factor aflR and the
main aflatoxin biosynthetic genes. Similarly, F. verticillioides
ΔveA as well as ΔlaeA mutants are not able to produce
fumonisins and neither the expression of the regulator fum21
nor structural genes of FUM cluster was detected (Myung
et al. 2009; Butchko et al. 2012). Recently, Merhej et al.
(2012) reported that FgVe1, the orthologous of veA in
F. graminearum, also modulate the expression of TRI genes
and, therefore, trichothecene production in this species on nat-
ural substrates. Crespo-Sempere et al. (2013) found thatΔveA
and ΔlaeA knockout-deletion mutants significantly reduced
OTA production and it was related to a downregulation of
the NRPS encoding gene of the OTA biosynthetic cluster.
Moreover, the levels of production of these mutants were sim-
ilar to those achieved by the wild type under light conditions,
which might be due to a relationship between the velvet com-
plex and the reduction of OTA produced by A. carbonarius
(Crespo-Sempere et al. 2013).
Oxidative stress
Fungal response to oxidative stress is based on the production
of antioxidant molecules and the activation of enzymes to
counteract the oxidants. Additionally, the intracellular pres-
ence of reactive oxygen species can also trigger other meta-
bolic responses including triggering mycotoxin synthesis
(Reverberi et al. 2010). The modulation of aflatoxin biosyn-
thesis by redox balance has been extensively studied in
Aspergillus section Flavi. Jayashree and Subramanyam
(2000) suggested that aflatoxin production by A. parasiticus
may be a consequence of increased oxidative stress.
Subsequently, Reverberi et al. (2006) correlated the expres-
sion of aflatoxin biosynthetic genes with the expression of
oxidative stress-related transcription factors and an increased
activity of antioxidant enzymes. The relationship between ox-
idative stress and aflatoxin synthesis is supported by the fact
that the presence of antioxidant compounds, commonly used
in food production such as ethylene or BHA, reduces the
expression of biosynthetic genes and, consequently, toxin pro-
duction (Reverberi et al. 2006; Huang et al. 2009). Reverberi
et al. (2012) demonstrated that the presence of oxidative
stressors such as t-butyl hydroperoxide or carbon tetrachloride
triggered OTA production in A. ochraceus.
This response to oxidative stress by increasing toxin pro-
duction seems to be related to the participation of transcription
factor homologues of the Saccharomyces cerevisiae Yap1
gene. The AP-1 family of transcription factors includes bZIP
proteins that activate in response to oxidative stress in yeast
and filamentous fungi (Hong et al. 2013). Montiban et al.
(2013) described the involvement of Fgap1 in the activation
of trichothecene production by F. graminearum and reported
an overexpression of TRI genes by Fgap1-deleted mutants
together with an increase in toxin accumulation. Similar re-
sults were obtained with the knockout mutants of ApyapA
gene in A. parasiticus and Aoyap1 in A. ochraceus, which
produce significantly higher levels of aflatoxins and OTA,
respectively (Reverberi et al. 2008; Reverberi et al. 2012).
These authors suggested that the disruption of yap1 homol-
ogous genes in mycotoxigenic species affects modulation of
toxin biosynthesis because of the fungus’ disability to restore
the redox balance, which triggers mycotoxin biosynthesis
(Reverberi et al. 2008; Reverberi et al. 2012; Montiban et al.
2013).
Osmotic stress
Osmotic stress is also linked to severe changes in the fungal
secondary metabolism, including mycotoxin biosynthesis,
and the participation of the high osmolarity glycerol (HOG)
pathway has been reported (Duran et al. 2010). Jiang et al.
(2011) demonstrated the involvement of response regulator
(RR) proteins of the HOG pathway in the regulation of
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trichothecene production in F. graminearum. The deletion
mutants of some of these regulators showed increased sensi-
tivity to osmotic stress related to a decrease in DON produc-
tion. The involvement of the HOG pathway in the regulation
of fumonisin biosynthesis has been found by Kohut et al.
(2009). The deletion of a HOG-type MAP kinase gene,
Fphog1, resulted in an increase of fum1 and fum8 expression
and significant higher levels of fumonisins produced by
F. proliferatum in a culture medium.
Osmotic stress has been also reported as an OTA biosyn-
thesis modulator in P. nordicum. This fungus is adapted to
high salt-concentrated habitats and high concentrations of
NaCl-induced OTA production (Stoll et al. 2013). The authors
said that NaCl-induced OTA production in P. nordicum is due
to a change in the phosphorylation status of the HOG-MAP
kinase, which activates transcription factors that might conse-
quently affect OTA biosynthetic genes.
Conclusion
The regulation of mycotoxin production is a complex process
that is still far from being completely clear. Currently, it is
already known that regulation not only depends on specific
genes of the biosynthetic cluster but also on global regulators
that are able to control mycotoxin production due to the mod-
ulation of the expression of the genes involved at a transcrip-
tional level. The knowledge of these regulatory routes will
allow the development of more effective control methods to
avoid the presence of mycotoxins in food products.
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